Introduction
Graphene, a two-dimensional single layer of graphite, became the subject of significant research efforts [1] immediately after the first report by Novoselov et al in 2004 [2, 3] . Graphene possesses novel electronic properties, including near-ballistic transport [2] , massless Dirac fermions [4] , Berry's phase [5] , the quantum Hall effect [4, 5] and high mobility [4] , and it shows great promise for nanoelectronics [6] - [10] . Due to its optically transparent and conductive properties, graphene is also ideal for electrodes [11, 12] and photonics [13] - [16] . To enable various potential applications [17] - [21] , it is important to modify graphene, including graphene nanoribbons [17] , [22] - [24] and graphene-composed structures [25] - [28] , to generate unique electronic properties.
To fabricate and/or modify graphene-based materials, oxidation has now become an important approach. For example, graphene can be cut into different sizes with oxygen plasma etching to produce nanoribbons [7] and quantum dots [29, 30] . In solution processing, graphene nanoribbons can also be generated by reducing graphene oxide [20] . Recently, graphene nanoribbons were even fabricated by unzipping carbon nanotubes (CNTs) with a simple oxidative process [31] . With an oxygen plasma treatment reported by Gokus et al [32] , photoluminescence (PL) was first observed in single graphene layers.
With the oxidative process, graphene oxide exists widely as a critical intermediate during the fabrication and modification of graphene. It is fundamentally and practically valuable to study the electronic properties of graphene oxide and its incorporation into graphene layers, which could provide an atomistic understanding of the formation mechanisms for graphene and modified graphene materials. Based on first-principles study, several structures of graphene oxide [33, 34] have been proposed. Graphene is often functionalized by epoxy and hydroxyl groups during the fabrication and/or modification process. The epoxy groups have been suggested to align in a line on graphene or CNTs, and rupture carbon-carbon bonds to form ordered structures [33] . During the further oxidation process, the epoxy-pair structure is more favorable (a lower energy of 2.71 eV) rather than the scenario where an extra epoxy group is situated far from the existing epoxy chain [34] . It is also indicated [34] that only an energy of 0.1 eV is required to form one epoxy pair or add an epoxy group to extend the epoxy chain on graphene. It has been found that there is a high energy barrier of 0.76 eV [34] for the reaction of one epoxy pair to form one carbonyl pair, although the existence of one carbonyl pair is 0.45 eV lower than one epoxy pair [34] . Moreover, the energy barrier to break two neighboring epoxy pairs into two carbonyl pairs approaches 1.07 eV [34] , indicating that the alignment of epoxy pairs on graphene could be a relatively stable state. It is possible to experimentally observe this state, because a similar graphene oxide has been found to be relatively stable, which can only become nanoribbons by sonochemical cutting [35] . Meanwhile, graphene nanoribbons, elongated strips of graphene with edges, sketch a different type of graphene structure [6, 22] , [36] - [40] . The antiferromagnetic (AFM) property in zigzag graphene nanoribbons (ZGNR) [40] is particularly interesting among the magnetism in carbon materials. The confined ZGNR seems to possess magnetic properties. Some experimental work on the magnetism of oxidized graphene nanoribbons [50] and oxidized graphite [51] has been carried out very recently. One related study based on proposed CNTs with epoxy chains also represents magnetic properties [52] . Furthermore, some reports have shown that carbon-based structures could offer potential applications for spintronics [41, 42] , including fullerene [43, 44] , CNTs [45, 46] and hybrid carbon structures [47] - [49] . In this work, we perform theoretical studies of an epoxy-pair chain on zigzag graphene nanoribbons along the nanoribbon direction, particularly the magnetic properties of some unique graphene oxide structures, providing a family of graphene oxides as excellent candidates for magnetic nanoelectronics.
Results and discussion
To study the electronic properties of graphene oxide, we need to consider its stability. The total energies of the ordered epoxy-group structured graphene oxide and several structures with a random distribution of epoxy groups in graphene are calculated (see '16-ZGO-random' in table 1), revealing that the latter has a higher energy than the former by ∼ 1.4 eV unit cell −1 . This indicates that a random structure is much less stable than an ordered one. Another structure of graphene oxide with an epoxy-group alignment in smaller chains perpendicular to the axis of the nanoribbon is also calculated, and is found to have higher energy than an ordered structure with the epoxy chain alignment along the nanoribbon direction by ∼ 1.2 eV unit cell −1 (see '16-ZGO-⊥' in table 1) and to have less stability than the latter. Thus, in this work we focus on the relatively stable structure, the ordered structure with the epoxy chain alignment along the nanoribbon direction.
The spin-polarized electronic structure of ZGNR with an epoxy-pair chain along the periodic direction is studied based on ab initio pseudopotential density functional theory (DFT) within the local density approximation (LDA) [53] by using the SIESTA package [54] . A double-ζ plus polarization basis set is employed for calculation. The energy cutoff for realspace mesh size is chosen as 300 Ryd. The initial structures are relaxed until the force on each atom is less than 0.04 eV Å −1 . The Monkhorst-Pack 41 × 1 × 1 k-point grid is chosen to sample the Brillouin zone (BZ). The unit length along the x-axis is 2.46 Å.
In accordance with the previous report [40] , the classification of ZGNRs is defined by the number of zigzag chains 'n' to form the width, termed as 'n-ZGNR' (see the blue numbers in figure 1(a) ). The positions for one epoxy pair per unit cell are labeled by blue dashed lines, and classified by the pink numbers 'm' to describe graphene oxide, finally termed as 'n-ZGO-m' in this paper (figure 1(b) and (c)). Here, we only discuss ZGOs, which contain even rings per unit cell labeled by a green dashed rectangle, obtaining maximum m = n/4 − 1. Thus, when an epoxy pair locates at the m = 0 position, the n-ZGO-0 also has a mirror plane (see the blue dashed line in figure 1(b) ) compared with n-ZGNR.
The width 'n' and oxidation position 'm' are two main factors in ZGO. The width effect in 'n-ZGO-0'-type structures is firstly studied. As a comparison, 'n-ZGNR' and 'n-ZGO-0', both processing mirror symmetries, are examined. Considering the spin polarization, the AFM, ferromagnetic (FM) and nonmagnetic (NM) configurations are considered to have favorable ground states. The energy data of the three configurations are listed in table 1. The energy differences of the AFM and NM states are compared with the corresponding FM states. In table 1, both 12-ZGNR and 16-ZGNR are AFM in terms of the reported results [22, 40] , presenting a strong spin-orbital interaction. However, with the epoxy pairs, n-ZGO-0 devices exhibit FM states. The energy difference between non-spin-polarized and spin-polarized states is larger than 50 meV, and that between FM and AFM configurations is much smaller, decreasing as the width 'n' of graphene oxide increases. The energy differences between FM and AFM states per unit cell are 15.7, 7.0, 6.6 and 5.0 meV, for 8-ZGO-0, 12-ZGO, 16-ZGO and 20-ZGO, respectively.
Geometrical factors often determine the electronic properties. For further study, we compare the differences between 16-ZGNR and 16-ZGO-0 at first and then between 16-ZGO-m structures. The spin-polarized band structures are first considered. Each band line is from (0, 0, 0) to X (π/a, 0, 0) (a is the unit cell length), as shown in figure 2 . Thus, 16-ZGNR is a semiconductor and its direct band gap is 140 meV. In 16-ZGO-0, the band lines are 104 and 262 meV above the Fermi energy level in majority-spin and minority-spin segments, respectively, demonstrating a metallic property for 16-ZGO-0. In the isosurface of the spin density for 16-ZGNR, the majority and minority spins appear in two different sublattices, as shown in figure 2(a) . Thus, a stronger AFM coupling exists in 16-ZGNR [40] . Evidently, the magnetic moment of each spin in each sublattice of 16-ZGNR is around 0.44 µ B , in agreement with the previous work [22] . However, in 16-ZGO-0, with the existence of oxygen atoms, the favorable ground state is FM; moreover, the large spin density locates at oxygen atoms, as shown in figure 2(b) . The oxygen atoms divide ZGO into two parts. Each part could be considered as a 'new' zigzag graphene nanoribbon. Opposite spin states occupy different sublattices originating from staggered sublattice potentials [55, 56] . Then, in each part, the majority and minority spins also appear in two different sublattices. The magnetic moments of the majority and minority spins in their corresponding sublattice of each part are 0.60 µ B and −0.10 µ B . Each oxygen atom contains a magnetic moment of 0.05 µ B .
In addition, with different epoxy-pair sites, a set of '16-ZGO-m' is investigated. Regardless of 16-ZGO-0, other sites could break such a mirror symmetry shown in figure 1(b) . The FM states are also favorable for their ground states obtained from the energy differences between FM, NM and AFM configurations (see table 2 ). Moreover, the energy difference between nonspin-polarized and spin-polarized states is still large, while the energy difference between FM and AFM configurations is much smaller. The energy differences between FM and AFM states per unit cell are 6.6, 8.2, 1.7 and 0.8 meV for 16-ZGO-0, 16-ZGO-1, 16-ZGO-2 and 16-ZGO-3, respectively. Comparing the FM energies in 16-ZGO-m devices, 16-ZGO-0 is more stable.
The band lines near the Fermi level of the minority-spin part in figure 2(b) move upward as the epoxy-pair sites increase in (c)-(e). Meanwhile, from their projected density of states (DOS), the minority-spin peaks near the Fermi level have generally shrunk (see the black lines in figure 2(b)-(ii) -(e)-(ii)) while the contribution of oxygen atoms for projected DOS (see the blue and cyan lines in figure 2(b)-(ii) -(e)-(ii)) does not change too much. Thus, the different epoxy-pair site changes the spin density distribution of carbon atoms. Since the oxygen atoms divide the graphene nanoribbons into 'upper' and 'bottom' parts, the magnetic moments of the two parts are clearly not the same unless oxygen atoms locate at the middle. Obviously, the upper part of 16-ZGO-m (except for 16-ZGO-0) gains more spin density distributions (see figures 2(c)-(e)), while the majority and minority spins appear in two different sublattices of each part as well. To clarify the trend from different epoxy-pair sites, the magnetic moments of majority and minority spins in the two parts are calculated, which can also be observed from the spin density isosurfaces in figure 2. In the upper part, the magnetic moment of the majority spin increases whereas the absolute value of the minority spin decreases as the site of the epoxy pair moves upwards. On the other hand, the trend is different in the bottom part. The oxygen atoms tend to gain more up-spins as their locations are closer to the upper edge. To consider the different magnetic configurations in '16-ZGNR' and '16-ZGO-m', the magnetism from the orbitals' hybridization is analyzed and estimated. First, two 2s and two 2p electrons in carbon atoms could form different sp-hybridized orbitals [57] . In graphene, four orbitals of each carbon atom are hybridized to form sp 2 bonding, with its typical sp 2 C-C bond length of 1.42 Å. Meanwhile, three σ orbitals placed in the graphene plane with a value of 120
• for the band angle, and one unpaired electron, are expected in the π orbital, which is along the z-axis in the perpendicular direction. Mostly, the process of breaking π bonds and producing new σ bonds results in the transformation of sp 2 hybridization to sp 3 hybridization, which is the mechanism of the magnetic properties in carbon nanostructures. Clearly, a change in bond length and angles exists in the transformation of sp 2 hybridization to sp 3 hybridization. For ideal sp 3 hybridization, the C-C bond length is 1.54 Å. The bond length between α-C (C α ) and β-C (C β ) atoms of graphene oxide in figures 3(c) and (f) is about 1.47 Å, between 1.42 and 1.54 Å. Then, an intermediate character of this hybridization is between sp 2 and sp 3 . However, the net magnetic moment of C α is nearly 0.00 in ZGO. Therefore, the hybridization of C β is sp 2 rather than sp 3 and the C β atom gains a larger net magnetic moment. On the other hand, in the ZGNR passivated by hydrogen atoms (see figures 3(b) and (e)), the bond between the C α and C β atoms is 1.40 Å, resulting in sp 2 hybridization, and a larger net magnetic moment locates on C α atom. During the formation of graphene oxide in a solution process, KMnO 4 /H 2 SO 4 solution treatment to unzip CNTs has been reported by Kosynkin et al [31] . A recently published paper experimentally reveals paramagnetism in this kind of oxidized graphene nanoribbon [50] , which is close to our proposed structure, thus supporting our calculations. The antiferromagnetism of 8 one type of graphene oxide has been reported [51] . Since it has a structure different from our studied one, it is understandable that it exhibits different properties.
To experimentally realize the proposed structure in this work is also important. We choose 16-ZGO mainly with a width of ∼ 3.5 nm, whose size can be experimentally realized in graphene. Moreover, the selectivity of the epoxy-pair chain position has many choices, since all ZGOs discussed here have FM properties. Once the epoxy chain exists, it is easy to form an epoxy pair or add a new epoxy group to extend the chain on graphene with an energy of 0.1 eV [34] .
Summary
In conclusion, spin-polarized first-principles calculations of proposed graphene oxide structures have been conducted. A series of structures with the epoxy-pair chain at various positions on zigzag graphene nanoribbons is considered. This kind of graphene oxide is FM at the ground state, providing great promise in the field of spintronics. Moreover, with a comparison of the same width of ZGNR, ZGO is metallic. The spin density distribution can be modified with different sites of epoxy pairs. These discoveries can also render some fundamental insights into graphene materials.
